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Abstract. We use the dS/CFT correspondence and bulk gravity to predict the 
^-|^ i form of the rcnormalized holographic three-point correlation function of the operator 

^^ I which is dual to the inflaton field perturbation during single-field, slow-roll inflation. 

Using Maldcaena's formulation of the correspondence, this correlator can be related 
to the three-point function of the curvature perturbation generated during single-field 
inflation, and we find exact agreement with previous bulk QFT calculations. This 
provides a consistency check on existing derivations of the non-Gaussianity from single- 
O I field inflation and also yields insight into the nature of the dS/CFT correspondence. 

As a result of our calculation, we obtain the properly rcnormalized dS/CFT onc- 
Cj ■ point function, including boundary contributions where derivative interactions are 

present in the bulk. In principle, our method may be employed to derive the n-point 
correlators of the inflationary curvature perturbation within the context of (n — f )*''- 
order perturbation theory, rather than n' -order theory as in conventional approaches. 



Keywords: Inflation, Cosmological perturbation theory. Physics of the early 
universe. String theory and cosmology 
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1. Introduction 

There has been considerable interest recently in understanding the nature of non- 
Gaussian features in the primordial curvature perturbation that is generated during 
early universe inflation P El El 11 El El 13 El El M IIIl Il2l 113 llll 113 lEl 113 IlHl 111! • This 
is motivated in part by the ever-increasing sensitivity of Cosmic Microwave Background 
(CMB) data, through which one might hope to detect, or at least set strong upper limits 
on, the primordial non-Gaussianity [201 El 122 EBl 121 ES] • Moreover, from a theoretical 
perspective, the form of the primordial three-point correlation function may provide a 
more sensitive discriminant of inflationary microphysics than the tilt of the perturbation 
spectrum |2H1 EH El EH 123 EOl • 

Given these considerations, there is a pressing need to develop accurate theoretical 
techniques for calculating the primordial three-point function in concrete inflationary 
scenarios. An elegant method for determining the level of non-Gaussianity at horizon 
crossing in standard single-field, slow-roll inflation has been developed by Maldacena 
j2]. In this approach, the tree- level Feynman diagrams for an appropriate vacuum-to- 
vacuum expectation value are evaluated. This technique was subsequently applied by 
various authors to other inflationary scenarios, including models where higher-derivative 
operators are present in the inflationary Lagrangian, or where more than one field is 
dynamically important [3 IH El E3 EZ|- It has been further demonstrated that the 
calculations can be extended beyond tree-level to include the effect of loop corrections 

ISH- 

The purpose of the present paper is to develop an alternative method for calculating 
the three-point correlator for the inflaton field perturbation that is based on the 
conjectured de Sitter/Conformal Field Theory (dS/CFT) correspondence |S3 E3 Ej- 
This correspondence states that quantum gravity in four- dimensional de Sitter space is 
dual to a three-dimensional Euclidean CFT. In this picture, the timelike coordinate in 
de Sitter space is viewed as the scale parameter of the CFT and slow-roll inflation may 
be then interpreted as a deformation of the CFT away from perfect scale invariance 
jS3 EH ESI- It is natural, therefore, to investigate the relationship between the 
perturbations that are generated in the bulk inflationary physics and those of the 
holographically dual boundary field theory. The general rules for computing correlation 
functions in the dS/CFT framework were presented by Maldacena and shown to 
produce the correct results in the case of a massless scalar field. The massive case 
was considered in JHB], where the /?- function and anomalous dimension in the dual 
CFT were related to the inflationary slow-roll parameters e and r/, which measure the 
logarithmic slope and curvature of the inflaton potential, respectively. The renormalized 
CFT generating functional that is dual to Einstein gravity coupled to a scalar field was 
calculated by Larsen & McNees [SII (see also jSH]), who demonstrated that it correctly 
reproduces the amplitude and spectral tilt of the density perturbation spectrum derived 
from standard bulk quantum field theory (QFT) calculations. (For reviews of such 
calculations, see, e.g., jHSEO])- 
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The proposal that quantum gravity in de Sitter space is holographically related 
to a CFT in one dimension fewer is motivated by the analogous case of the 
AdS/CFT correspondence. A concrete realization of this correspondence is provided 
by perturbative type IIB string theory on AdSs x S^ with A^ branes in the near-horizon 
limit. This can be related to an A/" = 4, SU{N) super- Yang Mills theory on the boundary 
of AdS nulls ESI (where A^ > 1; for more details, see, e.g., ^). It is also possible to 
go beyond this perturbative construction to more general scenarios. Indeed, it has been 
suggested that the AdS/CFT correspondence may be viewed as a definition of what 
is meant by quantum gravity in a space of asymptotically constant negative curvature 

However, the situation for the dS/CFT correspondence is less clear. There is 
presently no known concrete framework available which relates perturbative string 
theory on dS space to some conformal field theory on the dS boundary. Indeed, there 
may even be reasons to believe that such a correspondence does not actually exist 
|1H| Uni HH HBj, at least for generic values of the Hubble rate H and Newton's constant 
G. Although the dS and AdS manifolds are related by a double Wick rotation of the 
timelike and radial coordinates, this property does not carry over to the construction of 
holographic partners. We will encounter some of the consequences of this in the analysis 
outlined below. 

We will work with the more general version of the dS/CFT correspondence, which 
states that any gravitational theory in an asymptotically dS space is holographically 
dual to some CFT on the boundary. In this case, one can obtain information about the 
CFT by working entirely from the bulk theory and the assumed dS asymptotics. This 
is the approach taken in much of the AdS/CFT hterature 12112211131201121111211121111 
EH EHl EH UHl Uni 1101 and in previous applications of the dS/CFT correspondence to 
cosmology JSHIEHIEZJ- Given that the precise form of the dS/CFT correspondence is at 
present unknown, we will compute the form that the holographic correlation functions 
should take if the bulk calculation is to be recovered. If the holographic CFT that is 
dual to bulk inflation is identified in the future, a direct calculation of its correlation 
functions will then be possible and this will allow a comparison to be made with the 
results of the present work. More specifically, we use Maldacena's formulation of the 
dS/CFT correspondence |2] to explicitly calculate the bulk prediction for the three-point 
correlator of the dual CFT which reproduces the primordial three-point correlator of the 
infiaton field perturbation in single-field, slow-roll inflation. This provides a valuable 
consistency check of pre-existing results and yields further insight into the nature of 
the dS/CFT correspondence itself and, more generally, into the properties of quantum 
gravity in de Sitter spacetime. 

The paper is organised as follows. We begin in Section |21 by outlining those features 
of the dS/CFT correspondence that will be relevant for what follows and proceed in 
Section El to present the bulk-to-boundary and bulk-to-bulk propagators for both free 
and interacting fields. This, together with the apparatus of holographic renormalization 
{OH EH ESj , provides the necessary machinery for calculating the holographic one-point 
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function {O) of the operator O which is dual to the inflaton ip. The derivation of {O) 
is performed in Section |3] The argument is similar to that adopted in the AdS/CFT 
framework [SHI EHl EBl EI] , but an extra subtlety arises due to the presence of derivative 
interactions in the bulk. These interactions cause the appearance of non-zero boundary 
terms at future infinity which can not necessarily be discarded, and this has important 
consequences when calculating the holographic one-point function. 

Once the form of the one-point function has been determined, all other connected 
correlation functions can be derived directly from it and we obtain the two- and three- 
point functions in Section |S| Up to this point in the discussion, the analysis has been 
kept general, in the sense that the specific form of the interaction vertex has not been 
specified. In Section IHl we discuss the effective field theory for the inflaton field during 
inflation, paying particular attention to the role of boundary terms in the action, and 
derive the corresponding holographic two- and three-point functions. We then proceed 
in Section [7| to demonstrate explicitly that the dS/CFT approach correctly leads to 
Maldacena's bulk QFT result for the primordial three-point non-Gaussianity in single- 
field inflation j2]. We also emphasize that the boundary terms that appear in the 
third-order bulk action for the inflaton perturbation can be accounted for by either 
performing a suitable field redefinition or by including such terms explicitly. Finally, we 
conclude with a discussion in Section |H1 

2. The dS/CFT Correspondence 

In this section we briefly review the dS/CFT |H^ |3H1 1021 lEBj conjecture, in the variant 
proposed by Maldacena |2]. The metric for the dS spacetime can be expressed in the 
form 

ds^ = -dt^ + a^{t)5ijdx'dx^ = a\r])[-dr]^ + 6^jdx'dx^], (1) 

where t denotes cosmic time, t] = J dt/a{t) defines conformal time and the scale factor 
a = e^* = —{Hr])~^. In these coordinates, slices of constant t are manifestly invariant 
under the 3-dimensional Riemannian Poincare group, I SO {3). The far past (t -^ — oo) 
corresponds to ?7 ^ — oo and the far future (t -^ cxo) to rj ^ 0^. The boundary of dS 
space, ddS, lies at t = +oo, together with a point at t = — oo, which makes the boundary 
compact |12]- The dual CFT can loosely be thought of as living on the Riemannian 
slice at ?7 — *> 0~, and inherits its symmetries. 

The symmetries of dS space are broken in the presence of a scalar field, 0, which 
propagates according to the field equation 

where we have translated to Fourier space, m denotes the mass of the field and 
possible higher-order interactions are parametrized by a potential V{(j)). Even if (f) 
evolves homogeneously, the scale factor will be deformed owing to the presence of 
energy-momentum in the bulk. Nonetheless, if the homogeneous part of the scalar 
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field dominates as t -^ oo, the metric will be asymptotically de Sitter such that 
a{t) ~ e^*[l + 0(t^^)]. In this case, provided is sufficiently light|, it will behave 
near the boundary as 

<P ~ 0e^+^*(l + ■■■) + 0e^-^*(l + ■■■), (3) 

where 



The boundary conditions determine the constants of integration {0, 0}. It follows that 

~ 0e^+^* (5) 

on the approach to 9dS (as t —>■ oo). Note that — >■ in the massless limit m —>■ 0. 

Analogous to the AdS/CFT correspondence gH HI El iSl EO], the dS/CFT 
correspondence is the formal statement that the wavefunction of quantum gravity on de 
Sitter space, \E'dS) is given by the partition function of a dual CFT [^ 0]: 

ZcFT[0] = *ds~e^''^'[^l, (6) 

where the second (approximate) equality holds when the curvature in the four- 
dimensional bulk spacetime is sufficiently small that the path integral arising in the 
definition of the wavefunction can be evaluated in the semi-classical limit. This yields 
the on-shell bulk action Sc\[(p] evaluated on the classical solution. This action is a 
functional of the boundary data 0. 

Eq. (jHl) implies that the generating function of the CFT, Zcft[(P], must also depend 
on 0. However, a generating function is typically only a functional of the sources in the 
theory, since all dynamical fields are integrated out. Therefore, it is natural to interpret 
as the source for some operator O which is dual, up to a constant of proportionality, 
to under the dS/CFT correspondence. This implies that Eq. © can be expressed as 

HH na EDI EDI Ea EE! 



exp [ d'x<f)0]) = Zcft[<P] ~ exp iS'ei[0] , (7) 

\JddS / I CFT ^ ' 

where d^x is an invariant volume measure on the boundary SdS. Eq. ((7j) is the statement 
of the dS/CFT correspondence that we employ in this paper, although in practice it must 
be supplemented with counterterms, as discussed in Section HI The CFT correlators in 
the absence of the source can be recovered by functionally differentiating Eq. ((Zj) with 
respect to the source, 0, and setting = after the differentiation. Thus, 

<5MnZcFT[0] 



(0(xO---O(x„)) 



(50(Xi)---(50(x„) 



(8) 

^=0 



I If m > 3H/A, the conformal weight in Eq. Q) becomes imaginary. This is one of the difhculties with 
the dS/CFT proposal. As in Ref. [2], we restrict our attention to Hght fields, where this problem does 
not arise. In any event, only fields satisfying m < 3H/2 are excited during a de Sitter epoch and could 
generate a significant curvature perturbation in the late universe. 
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A physical interpretation may also be given to the other constant that arises 
in the asymptotic solution ©. In the AdS/CFT correspondence, this parameter is 
identified, modulo a constant of proportionality, as the vacuum expectation value (VEV) 
{O) |1^ 03 EHj. In general, the numerical value of the constant of proportionality 
depends on the specific theory under investigation and must be evaluated by direct 
calculation. Since is interpreted as a source, the quantity (f) is often referred to as the 
response in the AdS/CFT literature. We will show that in the dS/CFT correspondence, 
the identification {O) oc must be modified by including boundary terms that arise 
from interactions in the bulk field. We will also explicitly determine the constant of 
proportionahty in Section HH] 

The interpretation of as a source for O and as its VEV has an analogue in the 
bulk theory [HZlI^Ql. This serves to make the identifications more transparent. The A_ 
solution in Eq. (jH)) decays near the boundary and is normalizable. It corresponds to a 
finite energy excitation of the bulk theory, just as the acquisition of a VEV by O is a 
finite energy excitation of the boundary CFT. The A+ solution, on the other hand, is 
not normalizable and corresponds to an infinite energy excitation of the bulk theory. It 
should therefore be viewed as a deformation of the gravitational background. This is 
equivalent to the deformation of the CFT Lagrangian by the operator 0(9. 

3. Bulk-to-Boundary and Bulk-to-Bulk Propagators 

The above discussion implies that a key feature of employing the dS/CFT 
correspondence is the Dirichlet problem in de Sitter space, i.e., the problem of finding 
the solution to the bulk field equation Q subject to the boundary condition that 0—^0 
(for the massless case) in the far future. In this section, we identify the solution that 
satisfies this property. This will enable us to calculate the response in terms of the 
source 0. 

If the metric is asymptotically dS as t — i> oo, the self-interaction described by the 
potential V^(0) in Eq. becomes unimportant. In this limit, the general solution to 
Eq. Q is given in terms of Bessel functions: 

= (-kr]f/^J,{-kr])^ + (-kr]f/^Y,{-kr])^, (9) 

where [EHl EHl ED] 

One of the boundary conditions that can be imposed is that the field should be in its 
vacuum state in the asymptotic past when it is deep inside the de Sitter horizon. The 
usual choice is to invoke the Bunch-Davies vacuum [7T] , which corresponds to specifying 
the solution in terms of a Hankel function of the second kind or order u: 

(j)(x{-kr]f^^Hl^\-kr]). (11) 

In the following Subsections, we determine the constant of proportionality in Eq. 
(fTT|l for free and interacting fields, respectively. 
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3.1. Free Fields 

A free field has m = V = Q. As discussed above, the second boundary condition that 
should be imposed is the requirement that — > at the boundary 9dS. This boundary 
condition may be satisfied by identifying a boundary Green's function -/^(r/; k) that is 
a solution to the field equation Q and obeys the condition K ^> 1 on 9dS [121 • I^ 
coordinate space, this is equivalent to the requirement that K approach a (5-function on 
the boundary and the appropriate solution is given by 

/, \ 3/2 

K{V, k) = i i^-j T{-l/2){-vf^'H^%{-kv) = (1 - ^kv)e^''^. (12) 

The function K is sometimes referred to as the 'bulk-to-boundary propagator' and its 
momentum dependence is entirely specified by fc = |k|. 

The solution for the field which obeys the boundary condition (0) may now be 
written down immediately: 

0(r/,k)=ir(r/,A;)0(k). (13) 

The response may be identified in terms of the source by expanding solution (fT^ 
as an asymptotic series near rj ^ 0~ and comparing the coefficients of the expansion 
with the corresponding expansion of the general solution (jH)). More specifically, the 
asymptotic form of the solution (p)) for a massless scalar field behaves quite generally 
near future infinity as 

~ + ^Xri'^ + 0r/3 + ■ • • , (14) 

where '■ ■ ■' denotes terms of 0(77^) or higher and A is a constant, coming from the 
subleading term of the A_|_ mode. It follows from Eq. (fT^ that the coefficient of the rj^ 
term in the near-boundary expansion of is indeed the response 0. Hence, expanding 
the solution (fT!^ near the boundary, where rj ^ 0~, and evaluating the coefficient of the 
T)^ term, implies that the response is given by 

0(k) = i^0(k). (15) 

3.2. Interacting Fields 

This formalism can be extended to interacting fields. Within the context of the 
AdS/CFT correspondence, interactions were introduced in Ref. |50: and the first 
connected correlation functions containing three or more fields were derived in [751 E3 

EH- 

An interacting field implies that the potential V in Eq. Q must contain cubic or 
higher-order couplings with some coupling constant, g. Our motivation for considering 
interacting fields arises from the possibility that primordial non-Gaussianities, which 
would be sourced by infiaton interactions, may soon be detectable in the CMB 
temperature anisotropy power spectrum. We will restrict our discussion to cubic 
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interactions, since these are of most relevance to inflationary cosmology. To be specific, 
we consider a bulk action of the form 

'1 



S= dri d'x 



^a' {<j>" - {d<f>r) + L, 



(16) 



where L3 denotes interaction terms that are of order 0^ with coupling g. (These are 
given later by Eq. (j33j) for the inflationary scenario). Without loss of generality, we 
assume that no boundary terms are present in Eq. (J16p . If this is not the case, such 
terms can be removed, either by a field redefinition or by including a total derivative in 
the bulk interaction term L3. 

The corresponding field equation for (p follows after varying Eq. (|TBj): 

0" + 2^0'-9V=4^' (17) 

a a 0(p 

where a prime denotes differentiation with respect to conformal time and 6L^/6(j) is 
defined by the rule 

drid^xSL3= [ d7]d^x4^5(t)+ /"d^x^f^^, (18) 

J 0(j) Jq 

in which the boundary term ^2 is generated by the integrations by parts that may be 

needed in order to cast 5L^ in the form {5L^/5(t))5(t). In calculating the field equation, we 

are free to choose the boundary conditions for 5(j) so that it vanishes on the boundary. 

As a result, 1^2 does not contribute to Eq. (fT7|) . However, as we shall see, this does not 

necessarily imply that such a term is irrelevant: although it has no consequences for the 

field equations, ^2 plays a vital role in determining the correct 1-point function, {O). 

Our treatment improves the analysis of Miick & Viswanathan [SDj, who allowed for the 

possibility of arbitrary interactions in the AdS/CFT framework but took the boundary 

term described by .^2 to generate a contribution to the field equation (or implicitly 

allowed a modification to the action which would cancel any such terms). We discuss 

this point in more detail below. 

The presence of interaction terms implies that the field equation, Eq (fTTjl . can 

not be solved exactly. As a result, we make the standard assumption that l^/l -C 1 

and then perfom a calculation in perturbation theory around g. Within the context of 

the inflationary scenario, g will be of order 0/-ff, and this assumption is equivalent to 

invoking the slow-roll approximation. We denote by a subscript 'n' terms that are of 

order (?". Thus, at 0(5'''), Eq. (fTTjl reduces to the free field case 

ct>l - -0[, + fcVo = (19) 

and the solution to Eq. (fT^ that satisfies the Dirichlet boundary condition 0o ^ on 
9dS is given by the boundary Green's function (fT3|) with replaced by 0o- 

At the next order, Eq. (J18p can be solved using the bulk Green's function G{ri, r; fc), 
which depends only on fc = |k|, and satisfies 

92 2 9,2 



Qj^2 ^ Q^ 



-— + k']G{7],T;k) = 6{r]-r). (20) 
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The boundary conditions for G should be consistent with the dS/CFT interpretation. 
Specifically, G should be regular in the deep interior of spacetime, where rj —>■ —oo. 
Near the boundary, 77 | 0, we require G — ;> 0, so that the 0{g^) corrections to 0o do not 
violate the boundary condition — i> 0. The solution satisfying these conditions is 



vri 



r(2) 



Hl2{-kT)J^/2{-kri), ri>T 



^' ' 2^ '^ ^ ^ \ H^%i-kr^)Jy,{-kT), r^<T. ^ ^ 

Hence, combining the 0{g^) solution (pT| with the 0(5^°) solution (fT^ yields the 
result 

where a tilde denotes the Fourier transform 

6(J){t, k) J 6(J){t, x) 

and the r integral in (j22j) is performed along a contour which is slightly rotated for 
large \rj\, i.e., rj h-> 77(1 — 16). In the remainder of this paper, integrals over conformal 
time such as Eq. (j22j) will be written merely as J_ dr with this convention understood. 
This rotation, which is already implicit in Eq. (fTBj) . is equivalent to the projection onto 
the interacting quantum vacuum j2] which appears in bulk QFT calculations of the 
three-point function [71]. One might be tempted to imagine that this procedure, 
which is tantamount to dropping a rapidly oscillating term for rj ^ —00, corresponds 
to a renormalization prescription. However, this is not the case. Since it occurs in the 
field theory infra-red (equivalently, the gravitational ultra-violet) it has nothing to do 
with renormalization. The dangerous divergences which must be regulated all appear 
in the field theory ultra-violet (equivalently, the gravitational infra-red), where rj ^ 0~ , 
and are safely removed by the holographic renormalization procedure to be discussed in 
Section m 

It will be important in what follows that in the vicinity of the boundary, where 
?7 ^ 0^, the Green's function fl21|l behaves asymptotically as 

G{r],T;k)c^^K{T-k) + ---, (24) 

where the dots denote higher-order terms in conformal time. This near-boundary 
behaviour of the Green's function can be employed to read off the coefficient of 77^ 
in the solution ()22|) for small 77. As discussed above, this coefficient is the response 0. 
The contribution to the response from the bulk-to-boundary propagator in (J22|l is given 
by Eq. (fTH|l . whereas the contribution from the bulk-to-bulk propagator in the limit of 
small rj is 

^Mr,,k)^'il_^^_K(r-.k)^^^-, (25) 
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where we have written the integral exphcity only over the t < rj branch of (|2ip. The 
other branch, denoted '■■■', where t > rj and other higher-order terms in rj contribute 
only at 0(?7'^), and can be safely ignored for the purposes of calculating 0. 

It follows, therefore, that the response for the interacting field is given by 

^(k) = i-W + -y_dr/f(r;.)^. (26) 

where we have set the upper limit of integration to be zero rather than t], since the 
difference is of higher order in r] and therefore irrelevant when calculating the response. 
Note that the calculation in this section has been purely formal, without regard 
to the convergence of the r integral in Eq. (j2ni)- In order to assign a precise meaning 
to this purely formal expression, one must carry out a renormalization procedure to 
remove possible infinities near the boundary surface rj ^ 0~ . In the following Section, 
we proceed to calculate the one-point function of the deformed CFT in terms of the 
response fj26|) . taking holographic renormalization into account. 



4. The Holographic One-point Function 

Eq. ((Tj) cannot be precisely correct as it stands, since both sides are a priori divergent. 
On the gravitational side, the on-shell action Sci[4>] exhibits an infra-red divergence as 
t — i> oo. On the CFT side, one must expect the usual ultra-violet divergences of any 
local quantum field theory to be present. These divergences can be removed by the 
addition of appropriate counterterms, which should be understood to be included in Eq. 
©. 

In order to determine the nature of these counterterms, one regularizes the 
gravitational action by introducing a cut-off in the spacetime at some large, but finite, 
value of t, corresponding to a very small negative value of conformal time, 77 = — e, where 
< e <^ 1. We will denote the on-shell action computed in this regularized spacetime 
by 5*^. This action diverges as e — > 0, but after the divergences have been cancelled 
by the counterterms and the regularization removed, a finite contribution will remain. 
This remainder is interpreted as the renormalized CFT generating functional. 

One might worry that this cut-off procedure is coordinate dependent, and that the 
results might change if the cut-off was calculated using a different choice of coordinate 
time. Our ability to reparametrize the spacetime cut-off corresponds to the insensitivity 
of the CFT to the regulator which is chosen. Moreover, although this subtraction scheme 
appears to explicitly break Lorentz covariance, it turns out that the counterterms can 
always be rewritten covariantly [S21 1^ ■ Hence, if we calculate physical quantities with 
the specific regulator rj = — e, the scheme-invariant quantities (such as observables of 
physical interest) should coincide with those calculated using any other regularization 
scheme. 
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It remains to explicitly calculate the one-point function ((9(k)) i. This will demonstrate 
the holographic renormalization procedure in action and allow us to determine the 
constant of proportionality in the relation {O) oc 0. The argument is similar to Ref. 
inO] 5 but care must be taken to include the effect of boundary terms. 

We first integrate by parts in the quadratic sector of Eq. (fTBj) . after which one 
obtains 



S. 



d^x 



—a 
2 



dr^d'^x 



ri=—oo 



Uia'^y - 


- \a^d^(t> 




J 



(27) 



+ / dr/d^xLg, 

' rj=—oo 

where the first term is evaluated on the slice corresponding to r^ = — e. It then follows 
from Eq. (fTTj) that the on-shell action takes the form S^ = S^\i + S^\2 + S^\3, where 

'1 



5e|l 
^.12 



d'^x 



^-a^(j)(f)' 



r)=— oo 



drjd X -(, 



1 ^SL, 



S, 



e3 



d?7d^x L3. 



(28) 



r)=— 00 



Eqs. ((Zj) and (jH)) imply that the one-point function is determined by the variation 
6S^/6(j) in the limit e ^ 0, and this may be evaluated by considering the variation of 
each of the terms in Eq. ()28p separately. The first term is a surface integral evaluated 
at small rj and the expansion given in Eq. (J14p implies that this can be expressed in the 
form 



Se\l 



d^X 



e m 



ii^ + OM 



(29) 



The first term in Eq. (pUj) diverges as e -^ and should therefore be subtracted by an 
appropriate counterterm. The second term is finite, whereas the remaining terms are all 
0(e) and therefore vanish as the regulator is removed. After substitution of Eq. (j^Uj) . 
therefore, this contribution to the on-shell action reduces to 



rrei 
"Jell 



d^ki d^k2 

(27r)3 



.^(ki 



ikl 



(ki)0(k2 



dr K{t; A;2)0(ki 



SL. 



(30) 



50(r,k2). 

where we write ~ to denote expressions that are valid up to terms which vanish as 
e — > 0. Varying with respect to 0(k) then implies that§ 



6S-1 



50(k) (27r)3if2 



1 iA;3 ^ . , , 11 
-k) + 



2(27r)^ 



dr K{r; k) 



SL, 



50(r, -k) 



§ A potentially subtle point is that no surface terms are ever generated from a variation with respect 
to the boundary field, i.e., variations of the form S/d4>, even when applied to derivatives of (j). For 
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We also require the variations of the other terms in Eq. (|2H|). After translating to 
Fourier space, the variation of 5*^12 is given by 

^Se\2 11 r% r., ,^ ^^ 



/ drK(r;A;)- 

J-oo ' 



50(k) 2(27r)3 7_^ ^ ' ^(50(r,-k) 

2 i_oo (27r)3 50(k) d0(r, -p) 

On the other hand, one can show by employing rule ()18|) (which expresses how 5L^ is 
related to 5L^/5(j) and the surface term ^2) that 5S^\^ behaves like 

S - i2^«- -'"^■(-^- ^' + £ (If ^^-(^ *'^^- p^' 

Finally, after collecting together Eqs. (jH^ . (jH^ and (jH^ . we find that 

TTTTT ^ 7T^77^<^(-k) + / dr ir(r, A:)-f^ + 7^^6(-e, -k)ir(-e, fc). (35) 
In order to take the e — > limit, we define a renormalized response, 0'''^°, such that 

i— 0(k) + — / dr K{t, A;)-— 4t + counterterms , (36) 

3 3 y„oo o[t,]^) j 

where the counterterms are chosen so that the limit exists jSSl- The usual ambiguities 
arise when considering finite counterterms, which are independent of e. These 
counterterms shift the final value of ((9(k)), but since they are renormalization-scheme 
dependent, we can always choose a scheme in which they are absent. This is the 
"minimal" subtraction prescription of Ref. jHSl- Applying the same procedure to ^2 
yields a renormalized surface term: 

e^""(k) = lim (6(-e, k)ir(-e, k) + counterterms) . (37) 

Hence, the correctly renormalized one-point function can be written in the simple and 
explicit form 

i^ = ^^^--f-k) + -^ 
>0(k) {27:fm^ ^ ^^(27r) 

The presence of counterterms ensures that the integral in Eq. (jHF)|) is finite. This should 
be compared with the bare response, Eq. ()26|) . which may contain divergences at future 
infinity. (In general, there are no divergences arising from the asymptotic past [SI])- 

example, 

-^— — 0(,7,p) = i^(^;p)^(p) = if(^;p)^(p_k). (31) 

50(k) o-n (5(/)(k) (??? o-n 

Surface terms only ever arise from variations with respect to the hulk field (j){rj,Ti), rather than (^(x). 



(^(k))^ = i-^fr = 7T^4^''^"(-k) + 7^^er(-k). (3^ 
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Eqs. (|H(3|) - (jT7j) can be used to obtain the holographic counterterms exphcitly. 
However, such terms are always found to be imaginary in models that have been studied 
to date and Maldacena has conjectured that this property should hold in general [2j. 
In this case, it follows that since the interesting component of the one-point function is 
purely real, the correctly renormalized one-point function may be derived by dropping 
any terms in Eq. (jH^j) which give rise to an imaginary part in ((9(k)). This prescription 
is simpler to use in practice, although it should be emphasized that Eqs. (jHSJ^ilSZI) can 
always be employed to compute the counterterms without making any prior assumptions 
about their complex nature. 

Eq. ()38j) differs from results previously obtained in the AdS/CFT context [HIH EHl 
EH IS2] due to the presence of the surface contribution ,^2- This term arises because, 
as is usual in field theory in de Sitter space, we have discarded boundary terms at 
future infinity when calculating the field equations. This is the usual situation. In 
Ref. [201; Miick & Viswanathan assumed that the interaction term was written as 
lint, which is equal to / d^x L3 in our notation, and the field equations were taken 
to be — V"Va0 = 6Iint/S(p- As a result, Miick & Viswanathan derived Eq. (jHHj) with 
^2 = 0. There is no discrepancy, because if L3 does not contain derivative terms then 
^2 is always zero, whereas if such terms are present then 6Ii^t/^4> implicitly contains a 
^-function term at the boundary which would replicate the effect of ^2- As a result, 
our analysis is consistent with previous AdS/CFT computations which did not include 
derivative interactions [HIl IS21 ESI EDI ■ 

To summarize thus far, we have calculated the holographic one-point function 
((9(k))7 in terms of the response and verified that after renormalization the two 
are directly proportional to one another, modulo a boundary term. Clearly, the specific 
functional form of the cubic interaction Lagrangian, 6 L-^/ 6(f), and the boundary term, 
^2, will depend on the nature of the effective field theory in question. However, before 
we proceed to discuss the effective action for perturbations in the infiaton field, we will 
first discuss an alternative parametrization for the one-point function that will prove 
useful in what follows. 

4-2. The Holographic One-point Function in terms of the Interaction Lagrangian 
Following [^, we may quite generally define an operator, X, such that 

j^^ = J d'x e*-'' [A'lki, 92, ds)Mv, ^2)MV, X3)].,=.3=. , (39) 

where X{x, y, z) is a sum of powers of x, y and z and the derivatives di and 82 act only 
on Xi and X2, respectively. The functional form of X is determined by the nature of the 
cubic couplings in the interaction potential. We allow X to contain a ki dependence 
(where the subscript '1' is introduced for future convenience) in order to accommodate 
interactions 1 1 of the form L3 ex (f)d~'^(f)d'^(j) which, when written in terms of the field 
II The operator d^^ is the solution operator for the Laplacian, defined such that 9^^(9^0) = 4>. 



N on- Gaussian Inflationary Perturbations from the dS/CFT Correspondence 14 

equations, generates a source that includes terms of the form 6 L^/ 6(f) oc 9^(09~^0). 
For such sources, X can be written as the ki dependent expression X oc —kfd^'^ (for 
example). 

When L3 represents a cubic interaction, standard manipulations imply that Eq. 
(jHnjl can be written as a convolution over two copies of 4>o such that 

O-L3 / d fc2 d fcs , 1 \ T^/i 1 \ I / 1 \ I / 1 \ 

^ , . j^ ^ = / .^tt'js *-^ + k2 + k3)A'(ki, -k2, -ksj^ol^, -ksj^ol^, -^3) 

-^1^ (5( J] k^Ki^si^lr/, A:2)i^(r/, A:3)0(-k2)0(-k3), (40) 

where in the second expression we have written 0o in terms of the bulk-to-boundary 
propagator (fT^ and ^"123 is a convenient shorthand for A:'i23 = A:'(ki, — k2, — k3). This 
is sufficient to parametrize the bare response, Eq. (jSH)), in the form 

r'^(kO = ilm (^^0(ki) 

+ ^J ^^J (27r)3 ' ^E ^i)Xi23K,K,Kj{-kS{-^3)j , (41) 

where Kj = K{T,kj). 

A similar parametrization may be employed for the (bare) boundary term, ,^2- 
Indeed, by following an identical argument to that which led to Eq. ()40|) . we may write 

/ r aSu aSi. \ 

eriv, ki) = ilm I lim j -^1^ 5iJ2 k,,)3^i23i^(r], k,)Kil^, k,)^{-kSi-^3) I (42) 

and Eq. (jl^ should be viewed as the definition of the quantity 3^123 = 3^(ki, — k2, — k3). 
Hence, after substituting Eqs. PT| and (P2|l into Eq. (J38|) for the one-point function 
(C(k))^, we find that 

(0(kO)^ = Re(-^^0(-k,) 

i /"" f d^k d^k 

+ TTT^ / dr / ' ' 6{-k, + k2 + k3)A'i23i^li^2i^30(-k2)<^(-k3) 

i ,. f d^k2d^k3 



/d^k d^k \ 

— f-^(5(-ki + k2 + k3)yi23i^li^2i^30(-k2)0(-k3) . (43) 



(27r)3 r?^0_ 

Now that the one-point function in the presence of the source has been 
determined, all higher n-point functions may be derived from this quantity by 
functionally differentiating with respect to (p and specifying = afterwards. In 
the following Section, we present the general expressions for the two- and three-point 
functions. 
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5. Holographic Two- and Three-point Functions 

5.1. Two-point Function 

To obtain the two-point function, we substitute Eq. (j^ into Eq. (jHHjl and differentiate. 
It follows that J12! 



5 



5<pi\i2 



1 ki 



3 



(O(k0O(k2)) = -.-— (0(kO)i , „ = --—.-^M, + k2). (44) 



^=0 (27r)3 H^ 



Note that there is no contribution to the two-point function from the surface term ^2- 

5.2. Three-point Function 

The three-point function is obtained from the second functional derivative of Eq. ()43p : 

(O(k0O(k2)O(k3)) = ji—,Ti—AO{\^i))i ■ (45) 

(50(k2) (50(k3) ^^^ 

The presence of two functional derivatives means that even though we calculated to 
0(5^) in the term that is quadratic in 0, it was not necessary to account for 0{g) terms 
in the piece that is linear in cf). (This would have been necessary to self-consistently 
solve the field equations to 0{g).) Such terms would correspond to loop corrections to 
the two-point function of the sort calulated in Ref. [21]. Hence, Eq. (P3j) yields the 
concise expression 

(0(ki)0(k2)0(k3)) = Re j^,5{Y, k.) [ / dr symi,2,3 (X.^sK.K^Ks) 

l-^^J ,• I J -00 



+ lim / sym^ 2 3 (3^i23-K'i-ft'2-?^3 



(46) 



where sym^2 3 denotes symmetrization with weight unity over the labels 1, 2 and 3. 
This symmetrization must occur since Eq. (j46p was derived from Eq. (j29|) by three 
functional variations. In Ref. [S3], this symmetrization was achieved in a different way, 
by symmetrization over 2 <->^ 3 and integrating the result by parts to obtain symmetry 
over the labels 1, 2 and 3 in combination. However, the result must be the same.^ Note 
also that the combination of signs for the various momenta kj which appear in Eq. ()43|) 
is necessary to obtain the correct expression for momentum conservation in Eq. (j46p . 
We have assumed that ^"123 and 3^123 do not change under a change of sign k^ \-^ — kj. 
It is easy to verify that this is the case for the effective field theory of inflation, because 
^"123 and 3^123 depend on momentum only via the combinations d^ and (9~^, which are 

% There is a potential subtlety with this argument, because the one-point function is calculated from 
the regularized action, with a cut-off at ry = — e. The cut-off is then removed, and higher correlation 
functions are obtained by functional differentiation. Thus, the two- and three-point functions are 
not precisely obtained by functional variation of a bosonic action, because of the intervening limiting 
process. This point was made explicitly in |K5| . We assume this subtlety makes no difference to the 
correlation functions we are calculating. 
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invariant under sign exchange. In more general theories, however, sign changes in k, 
may introduce extra signs in (jm|) . which should be correctly accounted for. 

Thus far, the discussion has been entirely general, in the sense that we have not yet 
specified the precise form of the cubic interactions. In the following Section, we proceed 
to consider the case that is relevant to inflationary perturbation theory. 

6. Effective Field Theory for the Infiaton 



6.1. Third- order Action 

We consider a universe sourced by a single scalar 'infiaton' field (p that is minimally 
coupled to Einstein gravity and self-interacting through a potential W{i{>). The four- 
dimensional bulk action is given by 



S 



d^x 



det g 



¥ 



./s,r- 



W(<p) 



(47) 



We assume that the background solution corresponds to a homogeneous scalar field 
ip{r]) propagating on the de Sitter spacetime. The evolution of fluctuations in the infiaton 
field may then be described by introducing small spatially dependent perturbations 
in the metric and the scalar field and expanding the action (J47jl in powers of these 
perturbations. It proves most convenient to work in the uniform curvature gauge and 
we denote the (gauge-invariant) scalar field perturbation by q. This can be related via 
a change of gauge to the comoving curvature perturbation TZ or the uniform- density 
curvature perturbation (. The gravitational perturbations can then be directly related 
to q via constraint equations. 

Expanding action (jTTj) to third order in q and to leading order in the slow-roll 
parameter (p/H implies that the second- and third-order contributions to the action 
take the form [H Ej 



^2 



s. 



d?7d^x 
dr^d^x 



-'-2/2 -'- 2/0 \2 

-a q - -a [dq) 



2 • 

aq'dijjdq H ttQq'^ 

AH 



Jh 



q{dqf 



+ 



(48) 
(49) 



where '■ ■ ■' denote terms which contain higher powers of q or (p/H, and, as discussed 
after Eq. (j45|) . we include only the leading order slow-roll piece at each order in q. The 
auxiliary function ?/^ is a gravitational perturbation and satisfies the constraint equation 

a(p 



d'i) 



2H 



q 



(50) 



Eq. ()49p follows directly from Eq. ()47|) without performing any field redefinitions or 
integrations by parts in 7], which would produce auxiliary boundary terms at r/ = 0~. 
On the other hand we have freely integrated by parts in the spatial variables x* which 
do not produce any surface terms. 
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After substituting for the gravitational perturbation, ■?/', one finds that the cubic 
interaction terms in Eq. ()49p can be rewritten in the form (see also [U^ ) 



S:, 



&q^x 



^.Q-^ — 



AH 



{dqf - ^ci'd-\'d\ 



« > ,2 



r]=Q 



A 

AH' 



d^x '^d-Wdq)\ 



where 5L/5q\i is the first-order equation of motion: 



1 5L 

a^ Sq 



-q' - q" + d\. 
V 



(51) 



(52) 



Thus, SL/6q\i = when evaluated on the classical solution. 

The boundary term in Eq. (J3T|) may be removed by performing a field redefinition 
of the form q ^^ (j) + F{q). This implies that the second-order action (j^8|l transforms to 

S2[q]^S2[<p]+ fdr]d^xF{q) ^^ 



6q 



1 Jv=o 



(53) 



Hence, specifying F so that it satisfies the condition 





F = jH^-"idqr 



(54) 



implies that the field redefinition q ^^ (j) + F{q) removes both the SL/6q\i term and the 
boundary integral J„ from the third-order action (|51|). A reduced interaction term of 
the form 



^3= / dr^d'x 
is all that remains. 



"'^'A'S-V'S^./,-"'^-'^' 



2H 



AH 



(55) 



6.2. Holographic Three-point Function for the Inflaton 

We may now derive the (renormalized) holographic three-point function of the deformed 
Euclidean CFT that is dual to the inflaton. We begin by varying the interaction sector 
of the bulk action, Eq. (j^3j) . in order to determine the specific forms of the contributions 
^"123 and 3^123 that arise in the general expression for the three-point correlation function, 
Eq. pH|l . Variation of the action (jHH|) results in both bulk and boundary contributions, 
as summarized in Eq. (fTHjl . After comparing the former to the general expression (jlUj) . 
we deduce an expression for ^"123 of the form 

1 p k2 l2~ 

± A^Q rvrt Aj-i 



A-i 



123 



a^0 



+ T^ + T^ - T^ I 52^3 + 



k'i 



a 



"^2 
k^ 



/Co 



At2 At]^ 



dl + dl 



a' f kn fto \ ^ a' 

+ 2- I tJ + tI I -92 + 2-^3 

^2 



kl 



a 



(56) 



where On denotes an 77-derivative which acts in Eq. ()40|) on the bulk-to-boundary 
propagator Kn, where Kn is given by Eq. (|T^ . 
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Likewise, the form of the surface term is deduced by comparing the boundary terms 
that arise in the variation of the action (j33j) directly with Eq. (021) • We find that 



y 



123 



'2H 



2 






(57) 



It only remains to evaluate the integrals in the three-point function (j46|) . Let us 
consider the first integral in this expression. For a bulk-to-boundary propagator of the 
form (J12j) . we find after integration by parts that 

dr XusK^K^K, = [ dr X^sK^K^K, - / yusKiK^K,, (58) 



where X is defined by 

^^123 



a^0 ^ 
'2H 



ri=0 






1 kf 



(59) 



^2/ \'^2 

Hence, the boundary term 3^123 in the three-point correlator ()46|) is precisely canceled 
by the second term in Eq. ()58|) . This implies that the three-point correlator may be 
simplified to 



2i 



(0(ki)0(k2)0(k3)) = Re j7r^S{J2 k.) / dr sym,,2,3 {XusK.K^K,) . 

l^^J j J-00 

In order to evaluate the integral in Eq. (jHUI) . we employ the result: 

0.77 ^ „ /Co Hjo /C]^ rCo /Co 



828^X^X2X3 



+ 



k! ' 



(60) 



(61) 



'-00 T h 

where Eq. fll2|) has been employed once more and kt = ki + k2 + k3. It follows, therefore 
that 



/o _ -1 

dr/ sym^ 2,3 [^123^1^2^3] = -THT^^'i^ 



(62) 



and this implies that the three-point function may be expressed in the succinct form 

(O(k0O(k2)O(k3)) = -^<5(5^k^ ^'^ 



(2vr)f 



H^h 



7 . ^i ^i • 



(63) 



«<i 



7. The Infiaton Three-point Function 

The dictionary that relates the correlators for the bulk infiaton field to those for the dual 
CFT as calculated above was presented in Refs. |21 EH] • In particular, the two-point 
functions are related by 

<*"")*<''^» = - 2Re(0(k.)0(k.)) - («^' 

and the analogous expression for the three-point functions is given by 

2Re(0(ki)0(k2)0(k3)) 



(0(ki)0(k2)0(k3)) 



n,(-2Re(O(k,)O(-k,))0 



(65) 
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where {OO)' represents the correlator with the momentum-conservation (5-function 
omitted. 

Comparison between Eqs. ()44|1 and (jMjl immediately yields the two-point function 
for the inflaton field j38j : 

(0(ki)0(k2)) = (27r)='^5(ki + k2). (66) 

The three-point function follows after substitution of Eqs. (j63|) and (j66j) into Eq. 

dsni): 

(</.(kO0(k2)</>(k3)) = -(2vr)^5(5^k,)i^i J^fc.^fcJ. (67) 

The corresponding three-point function for the inflaton field perturbation, g, can 
then be determined by introducing the field redefinition ()54j) back into Eq. ()67|1 and 
using Wick's theorem, as described in [2115 . This yields the final result: 



(g(ki)g(k2)g(k3)) = (27r)3<5(5^k,)^^(^i/=^ 



X 






(68) 



Eq. (|HH|) is expression (68) of Ref. |1| specialized to a single field, which was derived 
from the bulk QFT calculation. 

However, it is not necessary to perform a field redefinition in order to take into 
account the boundary terms of the form J ^^ in the third-order action (j^T|) . The three- 
point correlator (jUH)) may also be derived by including the boundary term explicitly. 
The form of this term is given by 

d^x ^d~'q'{dqf. (69) 

This is manifestly divergent at future infinity, because the scale factor a is unbounded 
at late times. This divergence is subtracted using our renormalization prescription, 
Eq. (jnni), and one may verify that it is purely imaginary. Furthermore, the oscillatory 
nature of the wavefunction at past infinity implies that there will be no contribution 
from regions where a given fc-mode is deep inside the horizon [21 [^ . 

The boundary integral (jHn|) may be evaluated when the Bunch-Davies vacuum is 
invoked as the initial state for the perturbation. In this case, the perturbation evolves 
as 

q = ^ ' Hil - iA;r/)e*^^ (70) 

V2F 

which implies that, after renormalization, the boundary term yields a contribution to 

the g-correlator of the form 

A(g(k0g(k2)g(k3)) = (27r)=^5(5^k,)j^^^fci + perms + c.c, (71) 



N on- Gaussian Inflationary Perturbations from the dS/CFT Correspondence 20 

where c.c. denotes the complex conjugate. Finally, after taking the permutations into 
account and using the relation ^^ kj = 0, we find that the contribution of the boundary 
term is 

A(g(k0g(k,)g(k3)) = (2vr)35($^k0^ {€) wi^^"^ '^^A ' ^^^^ 

Combining Eqs. ()(J7|1 and ()72|1 therefore exactly reproduces the three-point correlator 
for the infiaton perturbation, Eq. (jUHj) . 

8. Discussion 

In this paper, we have demonstrated explicitly how the formalism of the dS/CFT 
correspondence may be employed to derive the primordial three-point correlation 
function of the infiaton field perturbation by calculating the bulk prediction for 
the corresponding three-point CFT correlator. This complements the standard bulk 
QFT approach based on evaluating tree-level Feynman diagrams. It also provides 
an important consistency check of Maldacena's formula [3 EHI relating the bulk and 
boundary correlators. We have also emphasized that the infiaton three-point function 
can be determined directly from the third-order action (J3T|) without the need for a field 
redefinition if the contribution from the boundary integral is included. Although, for 
simplicity, we have limited the analysis to a single field, the extension to multiple-field 
models is straightforward. 

When derivative interactions are present in the action, boundary terms at future 
infinity arise after varying the action to obtain the field equations. These terms have 
not previously been considered explicitly in the AdS/CFT case. In the analysis of Ref. 
[Sn], such interactions may implicitly be present, but the associated boundary terms are 
included in the field equations or are taken to vanish, which could be achieved either by 
picking appropriate boundary conditions for the fields, or by modifying the action. As 
is usual in de Sitter field theory, we have discarded the contribution of these terms from 
the bulk field equation. This has important consequences for the one-point correlation 
function of the dual CFT. We have shown explicitly in Eq. ()38p that the one-point 
function in the dS/CFT correspondence is indeed proportional to the response, as given 
by Eq. (f^UI) . but only modulo a boundary term. This term contributes to the three-point 
function, as seen in Eq. PUJ) . However, such a contribution is cancelled after the term 
that contains the variation of the cubic interaction Lagrangian is integrated by parts to 
remove higher- derivative operators. Hence, the three-point function can be calculated 
even if the form of the boundary contribution is unknown. 

One of the attractive features of the method we have outlined above is that 
the holographic one-point function is determined by the variation of the interaction 
Lagrangian. This suggests that it should be possible in principle to determine the 
correlator from the second-order field equation and, furthermore, indicates that the n- 
point function of the primordial infiaton perturbation could be determined by employing 
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only {n— l)*'^-order perturbation theory. This is in contrast to conventional approaches, 
where the action must be evaluated to 0{q^) in order to obtain the n-point g-correlator. 
To calculate the n-point function in this way, one would begin with the full action 
for Einstein gravity coupled to a scalar field (c.f. jl^)) '■P) which can be written in the 
form |3] 

S = -lJNVh [WV.^ + 2W{^)\ +\j^ [E'^E,, -E' + n'] , (73) 

where we have adopted the ADM line element, 

ds^ = -N^dt^ + hij {dx' + N'){dx^ + N^) (74) 

with lapse function A^ and shift vector N\ and vr is the scalar field momentum, 
TT = ip — N^Vjip. The spatial tensor Eij is related to the extrinsic curvature of the spatial 
slices such that Eij = ^h^ — V(iA'j). Eq. (fTHj) should be evaluated by selecting a spatial 
gauge for h^, such as the comoving gauge where hij = a'^(t)6ij, and parametrizing the 
inflaton field in terms of a homogeneous background component, (ph, and a perturbation 
q, i.e., ip = iph + q. 

The equations of motion for the fields N and Nj are given by 

- V'ipViip - 2W{ip) - -^{E'^Ei, -E^ + n^) = (75) 

and 

V,(^^[E{-E5{]^=^nV.^, (76) 

respectively, and their solution specifies A^ = N{{ph, q) and A^- = Nj{{ph, q) as functions 
of the background inflaton trajectory and the perturbation q. The field equation for 
the inflaton fluctuation is also required and this follows by varying the action ()73|) with 
respect to q. This field equation can then be used to determine the quantities ^"123 and 
3^123, from which the renormalized response (jf'^'^ and boundary term E,}^'^ follow, thereby 
yielding the correlator. 

In general, however, the obstacle to this procedure is that the solution of the 
constraint equations for the lapse and shift is a complicated function of the inflaton 
perturbation q. Consequently, when determining the three-point correlator, it is as 
straightforward to reduce the action (fTSj) to a functional in q^ and calculate the correlator 
using Feynman graphs, as it is to use the field equation in the holographic approach. On 
the other hand, for 4- and higher n-point functions, the prospect of reducing the order 
of perturbation theory by one may provide a significant technical simplification. This 
will become more relevant in the future as the quality of CMB data improves. Indeed, 
constraints on inflationary non-Gaussianity based on the primordial trispectrum have 
recently been discussed jSHlEnilZSl and it is of importance to explore these issues further. 
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